INTRODUCTION
An ultrasonic inspection system has been in pilot operation in a titanium plant to demonstrate higher sensitivity testing of titanium alloy billet [1] . The cylindrical billets are up to 20 feet long and from 6 to 13 inches diameter, forged to size from an ingot of approximately 30 inches diameter. The surfaces are prepared by peeling to remove the rough surface produced by the forging process. The material is subsequently cut into shorter lengths and forged to shape for machining into aircraft engine disks. It is desirable to perform ultrasonic inspection of the billet at the highest practicable sensitivity to eliminate melt-related inclusions [2] . The conventional billet inspection currently practiced by most test facilities in the United States uses a single cylindrically focused transducer to test the total volume [3] . The inspection sensitivity is limited by material noise, which is high due to the non-optimum focusing. The Multizone ultrasonic test achieves improved sensitivity by the use ofbi-cylindrically focused transducers, each interrogating a limited depth zone of the billet [1] . Rotational and axial positions are encoded, and pulse-echo mode amplitude data are digitized, displayed in C-scan format, and stored. This paper summarizes operating experience gained with the system, including a comparison of the performance of conventional and Multizone systems. Results are presented showing signal-to-noise ratio on flatbottom hole targets, and defect detection and false call rates. We discuss methods of setting accept/reject limits for optimum defect detection, and the use of an image-based signal-to-noise ratio (SNR) measurement as part of the detection process.
REJECT CRITERIA
A commonly used reject criterion is the simple amplitude threshold. This has the advantage of simplicity, but it ignores the relation of the indication being evaluated to the noise distribution. In low-noise regions, an indication could be distinct from the local noise, have a high probability of being produced by a void or inclusion, and yet not exceed the amplitude threshold. This disadvantage is sometimes addressed by applying a signal-to-noise ratio criterion based on A-scan, strip chart, or image data. Because material noise depends on the inspection parameters, such as transducer frequency spectrum and beam diameter, the performance of a signal-to-noise threshold can be highly variable, and should be controlled by ensuring consistent equipment. The approach taken with the Multizone system has been to combine an amplitude and an SNR threshold.
SIGNAL-TO-NOISE MEASUREMENT
An SNR based on C-scan image data was used. To evaluate a suspect reflection, a region-of-interest (RO!) containing the indication was extracted from the image for further analysis. Peak signal and noise statistics were extracted from the ROI (Fig. 1) . Two alternative methods were used to calculate the SNR:
where Ps is the peak amplitude of the indication, IIp is the arithmetic mean value of the noise, and Pn is the maximum value of the noise. (2) where III and crl are the "logarithmic" mean and standard deviation of the noise (i.e. the antilog of the mean and standard deviation of the log values of the amplitudes), and K is a constant chosen such that III + Kcrl estimates the peak value of noise in the ROI. For the results presented in this paper K=3.5. Both the peak and log SNR derivations are intended to provide a comparison of the signal amplitude with the deviation of the noise value in the adjacent material. In the first case, a simple peak measurement is used, while the second uses an estimate made from the statistical distribution of noise amplitudes.
METALOGRAPHIC VERIFICATION OF FINDINGS
To provide data for setting appropriate threshold levels, material exhibiting ultrasonic indications has been sectioned to identify the cause of the signal, and results have been correlated with the signal amplitude and SNR. Approximately one million pounds of titanium billet material was inspected. This material was composed of billets with diameters between 7 and 10 inches and Ti 6-4, Ti 6-2-4-2, and Ti 17 alloys. The study included billets which had been withdrawn from production because of known contamination of the raw materials. Testing used the equipment and technique described in [1] . Equipment was calibrated so that the reflection from a 0.031" diameter flat-bottom hole would produce a reflected amplitude of 80% in each zone. No distance-amplitude correction was applied, so a variation in sensitivity of up to 3dB can be expected through each zone, with the calibration target chosen to be in the least sensitive location in each zone. This calibration scheme means that a reflector equivalent to a 2/64 inch diameter flat-bottom hole would produce a reflected signal of between 80% and 113% of full scale, depending on its position within the zone.
Preliminary accept/reject criteria were applied to select indications for sectioning based on the limited testing experience up to that date. An amplitude threshold of 60% at depths of 0 to 4.0 inches from the outer surface, and 80% at depths greater than 4.0 inches was used and all indications with a peak SNR exceeding 2.0 were also rejected. All indications exceeding the above thresholds were sectioned to determine the cause. Some indications not exceeding threshold were also sectioned where practicable. Where a void or inclusion was found on sectioning, the indication was classified as a defect, others were classified as no defect. The scope of the program did not permit us to perform step polishes to obtain defect sizes. A total of forty-five indications were sectioned, resulting in fourteen defect finds and thirty-one being classified as no defect found. Conventional ultrasonic testing detected only two of these fourteen defects, and did not find any additional defects.
COMPARISON OF ACCEPTIREJECT CRITERIA
The findings were correlated with amplitude and SNR for each indication. Fig. 2a shows the distribution of amplitude plotted versus peak SNR for the selected indications and Fig. 2b shows similar information for the log SNR values. Now, we are able to apply different threshold levels to the data to evaluate the performance of the inspection for a given threshold level. The following discussion of the results will be expressed in the terminology shown in Table 1 . A desirable accept/reject procedure for production application would detect all known defects, produce a minimum number of false calls, be simple to apply, and be suitable for automation. Fig. 2a and Fig. 2b show a group of eight defect finds which are clearly separated from the "no defect" cluster in both SNR and amplitude, and could easily be detected using a simple amplitude or SNR threshold without producing false calls. The remaining six defects are not clearly separated from the "no defect" indications on either the amplitude axis, SNR axis or in some cases both axes. These defects cannot be identified by either a simple amplitude or simple SNR threshold without some number of false calls. To aid in the discussion of selecting threshold levels for this area, Figs. 2c and 2d show the relevant portion of the plots on a larger scale.
The setting of an amplitude only threshold translates to placing a vertical line at a position along the amplitude axis in Figs. 2c and 2d and then declaring any indication to the left of the line acceptable and everything to the right rejectable. To apply such a threshold to this data and reject every defect would result in twenty-nine false calls which is more than twice the number of defects. Similarly, the application of a SNR only thresholds is equivalent to placing a horizontal line on Figs. 2c and 2d with everything below the line being acceptable and everything above the line rejectable. The application of such a threshold to these data gives better results than the amplitude only threshold. An SNR-only threshold which would reject all defects results in thirteen false calls for the peak SNR data and six false calls for the log SNR data. A slightly more complex criterion can be created by applying both an amplitude and a SNR threshold to the data and rejecting any indication which exceeds either threshold. Using this premise, a criterion can be constructed consisting of an amplitude threshold of approximately 72% and a peak SNR threshold of 3.0 which would detect all defects without false calls. This is illustrated in Fig 2e. Although this threshold yields ideal results for this set of data, it is very doubtful that it would be robust enough to handle another data point not to mention other data sets.
The performance of the peak and log SNR calculations are compared over a range of threshold values in Fig. 3 . The plot was constructed by calculating number of false calls and detections with the threshold level varied parametrically. In general, the log SNR approaches closest to the ideal performance of 100% detection with no false calls. When considering lower threshold levels, however, the peak SNR calculation gave superior results.
NOISE MEASUREMENTS ON CALIBRATION STANDARD
A study was completed to compare ultrasonic noise levels obtained with the Multizone system and with conventional (single transducer) billet inspection. Measurements were made on a 10" diameter Ti 6-4 calibration standard, which contains flat-bottom hole targets of 1/64, 2/64, 3/64, and 4/64 inch diameters at depths of 0.5 to 5.5" below the surface. The conventional test used a 5 MHz, 0.5" x 1.0" transducer with a 10" cylindrical focus, a model commonly used in the industry. Each zone of the calibration standard was scanned with a gate width of 8 Ils, acquiring peak-to-peak amplitude data at a pixel size of 0.04" x 0.03" . The image of each zone was analyzed to determine arithmetic mean and peak noise levels in ROI containing approximately five thousand pixels, excluding echoes from the holes. Peak noise level was the maximum amplitude observed in the ROJ. Amplitudes of the FBH echoes were also analyzed, and the noise levels were corrected to an amplitude value corresponding to a 3/64 inch FBH set at 80% FSH amplitude (a typical industry calibration for conventional inspection).
A similar series of measurements was made using the Multizone transducers, also 5 MHz frequency, in this case using a different transducer for each zone (exception: the same transducer was used for 4.5 and 5.5 inch hole depths). Noise measurements were extracted as described above, and also corrected to a calibration of 3/64 inch FBH at 80% to allow direct comparison with the previous measurements. Fig. 4 shows the mean noise levels for the Multizone and conventional tests as a function of depth. The conclusion is that the Multizone test achieves a reduction in mean noise level relative to the flat-bottom hole reflectors varying from approximately 2x at depths of 1 to 2 inches to 4x or more in shallow (0.5 inches) and deep (4.5 to 5 inch) regions.
SUMMARY AND CONCLUSIONS
The zoned ultrasonic inspection has been successful in pilot production operation. The design goal of reducing material noise by using focused transducers has been achieved, as demonstrated by noise measurements on a calibration standard. In pilot production operation, the inspection detected defects which were missed by conventional inspections. Acquisition of digital data has allowed signal-to-noise based detection, and a combination of amplitude and signal-to-noise reject thresholds appears to provide the best performance. Of the two alternative SNR routines evaluated, neither appears to have a clear advantage over the other.
